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Magnetic results for the U(Ge12xNix)2 series of compounds with x50.1, 0.2, 0.3, and 0.4 are
reported. For x<0.2 the system is ferromagnetic with Tc close to 52 K. For the remaining samples
we found a spin-glass ground state with T f around 30 K. The specific heat for the x50.3 sample
present an anomaly at 50 K, which does not seems to be of magnetic origin. We discuss the results
in terms of the possible formation of the compound U2NiGe3 . © 2003 American Institute of
Physics. @DOI: 10.1063/1.1543922#
INTRODUCTION
The ferromagnetic compound UGe2 has been the subject
of many studies due to the coexistence of ferromagnetism
and superconductivity. The magnetic phase diagram for this
compound is not a simple one showing two transitions at 52
and 32 K, respectively.1 These transitions shift to lower tem-
peratures under application of external pressure, and a super-
conducting transition at 0.8 K at 1.2 GPa appears.2 Chemical
substitution has been generally used as a tool to promote
effects similar to the application of pressure, leading to dif-
ferent ground states. In this way, it was recently shown3 that
the substitution of Ge by Rh lead to the formation of the
URhGe compound, which exhibits at normal pressure the
same characteristics of UGe2 under pressure. This result was
not really surprising since there is a reduction in the U–U
distance and of the unit cell volume in URhGe. In fact, the
use of other transition metals ~Fe, Co, Ni, etc.! in place of Rh
gives roughly the same U–U distance close to d53.5 A
~Ref. 4! found for UGe2 under pressure. Therefore, consid-
ering only this aspect, one should expect for UNiGe to ob-
serve similar results to those obtained for URhGe. However,
since UNiGe is antiferromagnetic ~AFM! it is interesting to
study the evolution of the ferromagnetic ~FM! state of UGe2
to the AFM state of UNiGe by means of chemical
substitution.
The purpose of this work is to study the properties of the
U(Ni,Ge)2 series using magnetization measurements, and
the results will be discussed considering the competition be-
tween the ferro- and antiferromagnetic interactions and the
crystalline structure.
EXPERIMENT
The samples were prepared from the constituent materi-
als U ~IPEN!, Ni ~5N-Alfa!, and Ge ~5N-Alfa! in an arc-
melting furnace followed by thermal annealing at 800 °C for
7 days. The x-ray data were obtained using Cu Ka radiation
in a Philips difractometer. The analysis of these data revealed
the formation of essentially a single phase for the whole
series. The magnetization was measured using a supercon-
ducting quantum interference device magnetometer between
2 and 300 K. Specific heat was measured by a thermal relax-
ation method in the temperature range from 2 to 70 K.
The literature reports that UGe2 has been initially char-
acterized as an orthorhombic system with the ZrSi2
structure.5 More recently refinement of the x-ray and neutron
scattering data provided a more reliable result showing that
this compound crystallizes in the ZrGa2 structure with pa-
rameters a54.0089 Å, b515.0889 Å, and c54.095 Å.1,6
Starting with x50 and using the literature values of UGe2 as
an initial guess, we succeeded to identify all peaks in the
diffractograms for the whole series. The results show that the
volume increases for x going from 0 up to 0.2 and then it
remains essentially constant for x>0.2, as shown on the in-
set of Fig. 1.
MAGNETIZATION
The magnetization for the x50.1 sample is shown in
Fig. 1~a! with a well-defined ferromagnetic transition at 51
K. The zero-field-cooled ~ZFC! and the field-cooled ~FC!
curves obtained for this sample reveal the presence of strong
anisotropy and a similar result is obtained for x50.2, with
Tc550.6 K. However, the magnetization for the other
samples exhibits a different characteristic. In Fig. 1~b! we
show the results for x50.4, which behaves like a classicala!Electronic mail: gandra@ifi.unicamp.br
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spin-glass system, with T f532 K. Nevertheless, the differ-
ence between the ZFC and FC curves does not unquestion-
ably characterize the spin-glass ~SG! state, and therefore,
other measurements are necessary to clarify this point.
SG systems are usually characterized by the behavior of
T f and by the isothermal remanent magnetization ~IRM!. We
have measured the field dependence of T f and obtained the
expected H2/3 dependence,7 as shown in Fig. 2. Measure-
ments of the isothermal remanent magnetization were ob-
tained by cooling the sample from a temperature higher than
T f down to T56 K at H50. A magnetic field of 5 kOe was
then applied for 5 min and the remanent magnetization was
measured during 4 h. A good simulation was obtained by
using the usual logarithmic dependence,8 M IRM(T ,t)
5M 0(T)1a(T)log(11t), where M 0 is the initial magneti-
zation and a is the magnetic viscosity. The results for x
50.3 are M 050.135 emu/g, and a520.027 emu/g, and for
x50.4, M 050.052 emu/g and a520.0115 emu/g. These
results clearly characterize the samples with x50.3 and x
50.4 as SG systems.
SPECIFIC HEAT
We have measured the specific heat for the x50.3
sample and the result is shown in Fig. 3. We have not ob-
served any anomaly in the vicinity of T f532 K, neverthe-
less, this is expected for a SG system. From the fit of the low
temperature data to cp /T5g1bT2 ~see the inset of Fig. 3!
we obtained the Debye temperature of uD5200 K and g
570 mJ/mol K. This value for g is somewhat enhanced com-
pared to UGe2 (g529 mJ/mol K), but it is comparable to g
obtained for other U-based compound type U2TSi3 (g
’100 mJ/mol K),9 and among them some are SG systems,
like U2PdSi3 and URh2Ge2 .10 Close to 50 K we can also see
an anomaly, which seems not to be of magnetic origin. Mag-
netization results at 50 Oe ~shown on the inset of Fig. 3!
show only a very small kink around 50 K, which is very
difficult to observe. Nevertheless, the temperature derivative
of M shows a weak minimum at this temperature. We believe
that this anomaly can be the signature of a crystalline struc-
ture change occurring at this temperature.
FIG. 1. ~a! Magnetization vs temperature for the x50.1 sample at H
5500 Oe. The inset shows the volume for the series; ~b! ZFC and FC
magnetization curves for the x50.4 sample at H550 Oe.
FIG. 2. ZFC magnetization curves for sample x50.4 obtained at several
fields showing the freezing temperature dependence in the inset. T f is de-
fined as the temperature where the ZFC and the FC curves separates as
shown for H5500 Oe.
FIG. 3. Specific heat data for the x50.3 sample. No anomaly is found at
T f532 K, but a significant change is clearly seen close to 50 K. The upper
inset shows the fit of the data to obtain g and uD , and the lower inset shows
the magnetization for this sample.
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DISCUSSION
Our magnetic results show a clear change of the ground
state for this system for x between 0.2 and 0.3. The samples
with x50, 0.1, and 0.2 exhibit ferromagnetism while
samples with x50.3 and x50.4 are SG. In some way this
was expected because we are essentially mixing two com-
pounds with FM and AFM ordering, respectively. Assuming
that the formation of a solid solution along the series is veri-
fied, then Tc is expected to decrease smoothly until the SG is
eventually formed. As an example, in Fig. 4 we show that the
ordering temperature in U(Ge,Sn)2 ~Ref. 11! decreases upon
dilution from the viewpoint of both compounds, UGe2 and
USn2 . Nevertheless, this is not the case for U(Ni,Ge)2 , as
one can see in the phase diagram shown in Fig. 4. Tc remains
close to 52 K up to x50.2 and the SG phase also presents an
essentially constant freezing temperature for x50.3 and 0.4,
indicating a possible change on the crystalline structure be-
tween x50.2 and x50.3. This is also consistent with the
volume behavior obtained for this series. The volume deter-
mined by the x-ray diffractogram indexing as described in
the experimental section should vary linearly such as found
for U(Ge,Sn)2 ~inset of Fig. 4! but it saturates for x50.3 and
x50.4 instead.
In principle, we found this result very surprising because
since the U–U distance (dU–U) for UNiGe is very close to
dU–U(URhGe) and smaller than dU–U(UGe2), we expected
the volume to decrease as x increases. Also, assuming that
the UGe2 structure is maintained for the whole series, and
knowing that dU–U depends on the lattice parameter b,6 our
results indicate that dU–U should increase as the Ni content is
increased. But this is in disagreement with the UNiGe data
where dU–U is much smaller. Therefore, we suggest that a
different phase is being formed in this region of the
U(Ni,Ge)2 series. The literature shows that compounds con-
sisting of rare earth, transition metal, and Si ~or Ge! often
crystallize in an U2TSi3 phase,12 including some SG sys-
tems. In our case, this phase corresponds to x50.25, and
although it has not been characterized yet, we believe that a
more-detailed study can clarify this matter.
In conclusion, we believe that the SG phase observed in
the series U(Ni,Ge)2 for x.0.2 might be a consequence of
the formation of the U2NiGe3 compound although the com-
petition between the FM and AFM interaction is obviously
present. A similar process was observed for the dilution of
UGa2 with Cu,13 where the SG compound U2CuGa3 with
T f515 K was formed starting from a ferromagnetic phase at
127 K. The verification of the formation of the U2NiGe3
phase certainly requires the appropriate structural character-
ization in future work.
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FIG. 4. Upper part shows the U~Ni,Ge!2 phase diagram up to x50.5. The
lower part presents the phase diagram for U~Sn,Ge!2 and the inset shows the
volume linear behavior for this series.
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